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A B S T R A C T
Understanding metal-silicate differentiation in small rocky bodies that accreted early in solar system history 
requires quantification of the effects of variable amounts of silicate melt and molten metal on the connectivity of 
metal-rich liquids. To shed light on this question, the equilibrium geometry and textural ripening of metal grains 
in the vicinity of the metal interconnection threshold have been determined experimentally. High pressure and 
temperature experiments were performed in the three-phase system forsterite + silicate melt + nickel at con-
ditions of 1 GPa and up to 2080 K using piston-cylinder and Paris-Edinburgh presses. Sample textures were 
analyzed by 3D X-Ray microtomography either in-situ at the PSICHE beamline of the SOLEIL synchrotron, or on 
quenched samples using a laboratory Computed Tomography scan. Although dihedral angles point to textural 
equilibrium at the scale of individual grains at the end of each experiment, the attainment of textural equilibrium 
at sample scale is not straightforward. Depending on the relative proportions of the phases, different states of 
textural maturation are revealed. A particularly important issue is that time-resolved in-situ microtomography 
data show that cold (subsolidus) compression at the beginning of the experiment leads to soft metal grains being 
squeezed between silicates, leading to a forced interconnectivity of nickel. High temperature experiments with 
metal contents ≤20 vol% resulted in disruption of these forced networks, while the networks persisted in time 
for metal contents ≥25 vol%. This is taken to indicate that the stable interconnection threshold of pure nickel in 
a partially molten silicate matrix lies between 20 and 25 vol%. Therefore, we conclude that care must be taken 
when defining the interconnection threshold: not only should there be existence of a network of touching grains, 
but this network must persist in time in the absence of external forces and at pressure-temperature conditions 
that permit grain-boundary movement (i.e. excluding kinetically arrested systems). Growth of silicate grains is 
identified as the process driving textural maturation, and may explain the variability of interconnection 
thresholds reported in the literature. In addition, these considerations shed light on the diversity of textures 
observed in natural meteoritic samples (e.g. carbonaceous and ordinary chondrites and primitive achondrites), 
providing textural arguments to constrain the processes that affected these meteorites.   
1. Introduction
Terrestrial planets and their natural satellites (e.g. the Earth's Moon
(Righter, 2002) and even icy moons such as Ganymede (Anderson et al., 
1996; Kivelson et al., 1996; Schubert et al., 1996)) show evidence for 
metallic cores, as inferred from their magnetic fields, reduced 
momentums of inertia or geochemical composition. However global- 
scale evolution processes have affected these bodies, wiping out direct 
evidence of differentiation conditions and mechanisms. The meteorite 
record on the other hand constitutes an alternative and a better-pre-
served window into differentiation processes in the early solar system. 
Meteorites cover a large variety of objects that can be classified into 
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Solid Liquid (1)  
From a theoretical point of view, for θ  <  60°, the interconnection 
threshold is vanishingly small (i.e. the phase is interconnected at all 
melt fractions: see Laporte and Provost (2000) and references therein), 
while for θ  >  60°, an increasing amount of the phase of interest is 
required to form an interconnected network. 
Dihedral angles reported for mafic and ultramafic silicate melts in an 
olivine matrix are lower than 60° (Faul, 2000; Laporte and Provost, 2000); 
the formation of an interconnected network for this phase is thus easily 
achieved. On the contrary, metallic melts have dihedral angles greater than 
60°, with values varying as a function of sulfur and oxygen content 
(Holzheid et al., 2000; Néri et al., 2019; Rose and Brenan, 2001). The de-
pendence of the interconnection threshold on sulfur content has con-
sequences for the low pressure (< 1 GPa) segregation of iron-sulfide melts, 
as the composition of the latter varies as a function of temperature. The first 
melt produced along the Fe-S join at these pressure conditions is sulfur-rich 
(eutectic composition) and has a relatively low dihedral angle (Ballhaus and 
Ellis, 1996; Gaetani and Grove, 1999; Holzheid et al., 2000; Minarik et al., 
1996), with values ranging from 60° to 100°, i.e. interconnection thresholds 
from 0 to 7 vol% (estimated from Wray, 1976). Segregation is thus pro-
moted in iron‑sulfur alloys relative to the other end-member, pure metal. 
The latter displays much larger dihedral angles (Gaetani and Grove, 1999;  
Néri et al., 2019; Shannon and Agee, 1996) from 110° up to 176° corre-
sponding to theoretical interconnection thresholds ranging from 10 to 
25 vol%. 
Discrepancies exist between dihedral angles inferred in different 
studies for similar compositions of metallic melts, a situation which is 
most likely due to the different resolutions used to assess dihedral an-
gles on SEM images (Cmíral et al., 1998; Néri et al., 2019). Electrical 
conductivity measurements can also be used to determine the inter-
connection threshold, but literature data also show large variations in 
the values obtained for the same composition. For instance, a low 
threshold of 3 to 6 vol% has been estimated by Watson and Roberts 
(2011) and Yoshino et al. (2003) for the Fe-FeS eutectic composition, 
while Bagdassarov et al. (2009) reported a much higher value of 
17.5 vol%. This discrepancy is possibly explained by different degrees 
of textural maturation (Bagdassarov et al., 2009) driven by grain 
boundary migration (Bagdassarov et al., 2009; Walte et al., 2007). 
All the techniques used to assess the interconnection threshold discussed 
above are based on the 1D or 2D properties of the samples (electrical 
conductivity, dihedral angles) and more data are clearly required to re-
concile the microstructural observations (dihedral angles) with bulk (e.g. 
electrical conductivity) and macroscopic properties. Indeed, similar micro-
scopic equilibrium properties can lead to different macroscopic textures 
(Néri et al., 2019). The present study aims to bring new constraints on this 
problem by studying the effect of varying silicate and metallic melt contents 
on the 3D distribution of the metallic phase in a system composed of for-
sterite, silicate melt and pure metal. 2D-microstructures of this system have 
already been investigated (Néri et al., 2019) and show no variations of 
dihedral angles as a function of the relative proportions of the different 
phases or the run duration. Hence the present study focuses on the meso- to 
macro-scale distribution of metal. 
To constrain the influence of varying the amount of silicate and metallic 
melts, experiments were conducted at high pressure to remove porosity, or 
at least prevent remaining porosity from expanding due to thermal dilation 
and to ensure that the equilibrium geometries of large metallic grains are 
not affected by the motion of gas bubbles. Experiments were performed at 
1 GPa using a piston-cylinder (PC) and a Paris-Edinburgh (PE) press. This 
pressure is larger than that expected at the center of a rocky body even the 
size of Vesta (≈300 km in radius). However, it enabled well controlled 
experiments that are of relevance given that pressure has little effect on 
phase equilibria (e.g. Presnall et al. (1978) and Buono and Walker (2011) 
for silicate and Fe-S systems respectively) and interfacial energies (see  
Section 3.1) in the range 1 bar to 1 GPa. 
The characterization of the 3D distribution of the metal was per-
formed using ex-situ 3D X-Ray microtomography on recovered samples 
(piston-cylinder experiments), as well as in-situ microtomography at 
the PSICHE beamline (Paris-Edinburgh press experiments at the SOLEIL 
synchrotron) to obtain time-resolved information on textural evolution 
in the presence of silicate melt. Results reveal that the initial com-
pression of the experiment forces macro-scale textures that are far from 
the equilibrium indicated by micro-scale dihedral angles (see below). 
The subsequent textural maturation and the approach to textural 
equilibrium are then highly dependent on grain growth processes. 
2. Experimental setup
2.1. Starting material
Samples were mixtures of crystalline forsterite (Fo), synthetic 
three main categories depending on their degree of differentiation: 
chondrites (undifferentiated), achondrites (fully differentiated) and 
primitive achondrites (partially differentiated, achondritic textures). 
Based upon study of these objects, two different scenarios of metal- 
silicate differentiation have been proposed: 
(1) Study of achondrites has led to the scenario of large-scale 
melting processes of their parent bodies. This idea is supported by the 
formation of iron meteorites that requires complete melting of the ir-
on‑sulfur subsystem (Chabot and Haack, 2006; Goldstein et al., 2009 
and references therein), implying the presence of a large fraction of 
silicate melt. Additionally, the homogeneous oxygen isotopic compo-
sition of the HED clan (i.e. Howardite - Eucrite - Diogenite) argues in 
favor of a global magma ocean (Greenwood et al., 2014). In this sce-
nario, metal segregation may have occurred by particle settling. 
(2) The study of primitive achondrites on the other hand leads to the 
idea of incomplete metal-silicate segregation at low degrees of partial 
melting. Among the subgroups of this clan, acapulcoites and lodranites 
are of particular interest, as they have not generally been subject to 
shock, oxidation or large-scale alteration (Keil and McCoy, 2018). 
Acapulcoites exhibit the lowest degree of differentiation and are 
thought to have been heated just above the onset of melting of silicate 
and iron-sulfide subsystems, i.e. at T ≈ 1270 K (e.g. McCoy et al., 1996;  
Mittlefehldt et al., 1996). Some objects experienced extraction of sili-
cate (< 5 vol%) and iron-sulfide melts, as evidenced by depletion in 
incompatible elements (Mittlefehldt et al., 1996; Palme et al., 1981;  
Patzer et al., 2004; Zipfel et al., 1995). In contrast, lodranites represent 
a more evolved subgroup with complete loss of early melting silicates 
such as feldspars and clinopyroxenes and a metallic subsystem strongly 
depleted in sulfur. Such features point to the extraction of both silicate 
and iron-sulfide melts (Bild and Wasson, 1976; McCoy et al., 1997) at 
temperatures of ≈ 1473 K, consistent with a degree of silicate melting 
of 20–25 vol% (Bild and Wasson, 1976; McCoy et al., 1996, 1997;  
Papike et al., 1995). In this scenario, metal-sulfide may have been ex-
tracted by percolation, forming a connected network through a poly-
crystalline silicate matrix. 
The dynamics of interconnection and disruption of metallic net-
works are thus of prime importance when considering metal-silicate 
differentiation in rocky bodies of the solar system. The interconnection 
of the metallic phase requires volume fraction to be above a critical 
interconnection threshold, i.e. the phase fraction at which a 3D network 
is generated. In theory, this threshold can be considered as the result of 
the minimization of interfacial energies between the different phases 
(Bulau et al., 1979; Jurewicz and Watson, 1985; Smith, 1964). This 
energetic balance favors low-energy contacts at the expense of high 
energy ones and is expressed physically by the dihedral angles at triple 
junctions. In a two-phase system, the dihedral angle θ of the liquid 
between two solid grains is a function of the interfacial energy between 
them γSolid-Solid and that between the solid and the liquid γSolid-Liquid (in 
J.m−2), following (Smith, 1964):
silicate melt (Melt) and nickel metal (Ni) with different modal abun-
dances. Two compositions of silicate melt in the Anorthite-Diopside- 
Forsterite (An-Di-Fo) system were synthesized (Table 1). The first one 
represents a composition in equilibrium with forsterite at 1773 K and 
1 GPa (Presnall et al., 1978) and was used in PC experiments. In this 
way, the relative proportions of forsterite and silicate melt can be 
varied without changing their composition. The second melt has the 
composition of the An-Di-Fo eutectic (1653 K) at 1 GPa (Presnall et al., 
1978). This composition was used for PE experiments to allow pro-
gressive melting of the silicates during heating. Each silicate melt was 
synthesized in the form of a glass following the procedure described in  
Néri et al. (2019). Their composition was controlled by Electron Mi-
croProbe analyses (EMPA) at the Raimond Castaing Center (Toulouse, 
France). At least 30 measurements were made randomly on the surface 
of a piece of each glass; compositions matched that given in Table 1 
within 1 wt%. Recovered glasses were then finely ground and mixed 
with Fo and Ni in the desired proportions (see Table 2). In the re-
mainder of the text, sample mixtures are expressed as < Fo:Melt:Ni > 
in vol%. 
Although iron is the most abundant metal in natural samples, nickel 
was used in the present experiments as its lower melting temperature 
and its stability at higher oxygen fugacity (ƒO2) allow a better control of 
the chemistry and mineralogy of the samples. Besides, previous work 
with similar experimental systems (Néri et al., 2019) showed that the 
diffusion of nickel into the silicate phases is very limited under ex-
perimental conditions (≈ 2 wt% NiO in forsterite and ≈ 0.6 wt% NiO 
in silicate glass at equilibrium). 
2.2. Experiments 
2.2.1. Piston-cylinder experiments (PC) 
Piston-Cylinder (PC) experiments were performed in a ¾-inch solid 
medium apparatus at the Laboratoire Magmas et Volcans (LMV, 
Clermont-Ferrand, France) for 4 h at 1 GPa and 1773 K, i.e., 20 K above 
the melting point of nickel at this pressure (Strong and Bundy, 1959). 
Temperature was measured using a type C thermocouple (WRe5/ 
WRe26) and controlled using a PID Eurotherm controller. The 
uncertainty on temperature was ± 5 K. Powder mixtures were directly 
loaded in a graphite capsule, making the sample size about 3 mm3. 
Graphite was chosen to buffer the oxygen fugacity and to limit inter-
action with silicates. Although carbon is expected to dissolve into 
molten nickel, this effect was limited during the duration of the ex-
periment and no graphite crystals were found as inclusions in the 
quenched nickel beads. The graphite capsule was then put into a MgO 
sleeve to isolate it from the graphite furnace and MgO spacers were 
used to align the sample with the hot zone. To limit shear and to me-
chanically stabilize the assembly, pyrex tubes were added on both sides 
of the graphite furnace. This assembly was contained in a NaCl cell to 
ensure hydrostatic conditions (Fig. 1a). 
2.2.2. Paris-Edinburgh press experiments (PE) 
Paris-Edinburgh (PE) press experiments were used to acquire time- 
resolved information using in-situ 3D X-Ray microtomography (beam-
line PSICHE, SOLEIL Synchrotron). In this case, forsterite powders were 
sieved to grain sizes larger than 30 μm, allowing better imaging of in-
dividual grains. The Ultrafast Tomography Paris-Edinburgh Cell 
(UToPEC) was used (Boulard et al., 2018, 2020). This equipment allows 
the acquisition of a full image of the sample in a few tens of seconds, 
and also offers a 165° angular opening (upon a 180° rotation) that re-
duces artifacts during reconstruction (Boulard et al., 2018, 2020). 
Samples were first taken to a pressure of 1 GPa, then temperature was 
progressively increased. A pink beam (filtered white beam with an 
average energy of 63 keV) was used to produce the high photon flux 
necessary for high temporal, i.e. < 1 min per tomogram, and spatial, 
i.e. 1.3 μm voxel size, resolutions. Pressure and temperature were de-
termined using the cross calibration method (Crichton and Mezouar,
2002) using the diffraction lines of hBN and Pt powders and equations
of state from Le Godec et al. (2000) and Zha et al. (2008), respectively.
The P-T calibrants were placed near the furnace but not in direct con-
tact with the sample. Temperature uncertainties with this method are
estimated to be ± 50 K.
As for PC experiments, powder mixtures were loaded in an inner 
graphite capsule, and a hBN outer capsule. Samples were 2.1 mm in 
height and 1.2 mm in diameter. Graphite and molybdenum disks and 
steel rings were placed on both vertical ends of the furnace to align the 
sample vertically and to ensure electrical conductivity. This assembly 
was contained in a boron epoxy pressure medium to ensure hydrostatic 
conditions (Fig. 1b). A PEEK plastic ring was added around the boron 
epoxy cell to limit extrusion of the assembly. 
For these experiments, the starting silicate melt content corresponds 
to the eutectic silicate melt content. For instance, for the < 65:25:10  
> mixture, 25 vol% of silicate melt is expected just above the eutectic
temperature. Increasing the temperature during the experiment thus
leads to progressive melting. The melt content can thus be calculated at
each temperature step from the An-Di-Fo ternary diagram at 1 GPa
(Presnall et al., 1978) using the lever rule.
Glass (wt%) An Di Fo CaO MgO Al2O3 SiO2
1773K, 1 GPa  51.9  20.0  28.9  14.55  22.92  17.04  45.59 
1 GPa eutectic  52  30  18  18.25  15.90  19.06  46.79 
Table 2 
Initial phase proportions, experimental conditions and voxel sizes of the 3D X-Ray microtomography analyses for the different experiments. Proportions are expressed 
as < Fo:Melt:Ni > in volume percent. PC is for the piston-cylinder experiments and PE for the Paris-Edinburgh press experiments. Numbers in parentheses corre-
spond to the uncertainty in the silicate melt content calculated from the errors on temperature determination.          
< Fo:Melt:Ni >  (vol%) Set up Silicate melt content Pressure (GPa) Temperature (K) Time Voxel size (μm)   
< 81:9:10 >  PC Constant 1 1773 4 h 1.75  
< 76.5:8.5:15 >  PC Constant 1 1773 4 h 1.50  
< 68:17:15 >  PC Constant 1 1773 4 h 1.80  
< 59.5:25.5:15 >  PC Constant 1 1773 4 h 1.50  
< 72:8:20 >  PC Constant 1 1773 4 h 1.67  
< 64:16:20 >  PC Constant 1 1773 4 h 1.80  
< 56:24:20 >  PC Constant 1 1773 4 h 1.70  
< 65:25:10 >  PE 25–75(5) 1 300 to 2123 8 h 1.30  
< 70:5:25 >  PE 5–8(2) 1 300 to 1823 7 h 1.30  
< 65:5:30 >  PE 5–10(2) 1 300 to 1973 8 h 1.30 
Table 1 
Compositions in wt% of the synthesized silicate melts in the Anorthite- 
Diopside-Forsterite (An-Di-Fo) ternary diagram and in oxides. The first glass has 
a composition in equilibrium with forsterite at 1773 K and 1 GPa while the 
second one matches the 1 GPa eutectic composition. Composition of the syn-
thesized silicate glasses were determined by Electron MicroProbe Analyses 
(EMPA) based on repeated measurements on at least 30 points. Results corre-
spond to the desired composition within 1 wt%.          
2.3. Analytical techniques 
2.3.1. Ex-situ 3D X-ray microtomography 
The spatial distribution of the metal in quenched PC samples was 
characterized with non-destructive 3D X-ray Computed Tomography 
(CT), using a Phoenix/GE Nanotom 180 from the French FERMAT 
federation (Toulouse, France). Operating conditions were 100 kV vol-
tage and 130 μA current. For a complete CT-scan, 1440 slices were 
measured with an angular resolution of 0.25° and a 1.5–1.8 μm voxel 
size. Each slice corresponds to the acquisition of 5 images (750 ms per 
image); the first one was discarded to avoid remanence effects on the 
detector while the other four are stacked to increase the signal to noise 
ratio. Typical acquisition time was 1.5 h per CT-scan. Data were pro-
cessed with Datosx reconstruction software to obtain the 3D re-
constructed volumes. 
Our 3D X-ray microtomography set-up allows the detection of nickel 
grains (or assemblages of grains) that have a volume larger than 6 
voxels. The physical size of the detection limit thus depends on the 
resolution of the acquisition. In the present case, the voxel size varies 
between 1.5 and 1.8 μm, fixing the lower detection threshold to grains 
that have a sphere-equivalent diameter greater than 3.4 to 4.1 μm. The 
proportion of Ni grains that are below this detection threshold re-
presents less than 1% of the initial grain size distribution. 
2.3.2. In-situ 3D X-ray microtomography 
In-situ data collected using the ultra-fast microtomography set up 
available on beamline PSICHE at SOLEIL allows conducting time-re-
solved analyses of the textural evolution of a sample at the scale of an 
experiment. Indeed, the high photon flux of synchrotron radiation en-
ables the acquisition of a complete CT-scan in 50 s. 1500 slices were 
acquired for each scan with an angular resolution of 0.24° and a 1.3 μm 
voxel size. Each slice consists of a single image with an exposure time of 
35 ms. Raw data were processed with a Paganin filter to enhance phase 
contrasts (Paganin et al., 2002) and the backprojection PyHST2 algo-
rithm (Mirone et al., 2014) was used to reconstruct the 3D volumes. 
To allow the best possible comparison between different micro-
tomograms acquired at different temperatures for the same experiment, 
quantitative data were extracted from the same region of interest within 
the sample. 
2.3.3. 3D data processing 
The 3D volumes were first converted into a stack of 8-bit images 
using ImageJ (Eliceiri et al., 2012; Schindelin et al., 2012) and re-
presentative Regions of Interest (RoIs) with dimensions of 
500 × 500 × 500 voxels (i.e. volumes of 0.3 to 0.7 mm3) were ex-
tracted. These stacks were then loaded into Blob3D (Ketcham, 2005) for 
quantitative data analysis in three steps: segmentation, separation and 
extraction. For the “segmentation”, the software identifies a given set of 
voxels with particular grayscale values and assigns them to a given 
phase. In the present case, the grayscale difference between forsterite 
and silicate melt could not be resolved due to similar X-ray absorption 
coefficients and densities. Hence, only two phases were segmented: 
nickel and “silicates”, the latter including forsterite and silicate melt. 
Segmentation involved a simple thresholding, i.e. nickel is selected as 
the population of voxels above a threshold grayscale value that is ad-
justed such that the total volume of nickel corresponds to the initial 
content within the sample. No additional filters (e.g. smoothing, erode, 
dilate, etc.…) were applied. In the “separation” step, the different sets 
of contiguous voxels are distinguished in terms of distinct objects, or 
blobs (see Ketcham (2005) for more details). Finally, “extraction” 
provides a quantitative analysis of the separated objects: their volume, 
surface, Normalized Surface (NS, i.e. the surface of the blob normalized 
to that of a sphere of the same volume, a parameter that quantifies 
deviations from spherical shape), their orientation and maximum and 
minimum lengths. Of these parameters, only volume, surface and NS 
were used in our microstructural analysis as they are the most useful in 
representing the complex shape of nickel grains observed in our ex-
periments. Extracting these parameters from representative RoIs is an 
efficient way to acquire statistical information on the large-scale geo-
metry of nickel grains and to determine textural trends between the 
different experiments (e.g. NS, number of grains, mean volume). To 
investigate errors induced by the thresholding method, the threshold 
was varied by one graylevel above and below its reference value. This 
exercise resulted in a change of the absolute Ni content of less than 
1 vol% for most experiments and did not significantly affect the ex-
tracted textural parameters (see Fig. S1). 
2.3.4. SEM imaging 
The small-scale geometry of nickel grains and dihedral angles at 
triple junctions were also quantified by Field Emission Gun Scanning 


















b.Piston-cylinder assembly Paris-Edinburgh press assembly
P T calibrants (Pt+hBN)
Fig. 1. Assemblies used for the experiments conducted in this study. (a) Piston-cylinder assembly. Samples are encapsulated in graphite capsules and placed in the 
hot-zone of the furnace with MgO spacers. Temperature is monitored and controlled using a type C thermocouple ( ± 5 K). (b) Paris-Edinburgh press assembly. A 
double capsule is used, the inner one made of graphite and the outer one made of boron nitride to isolate the inner capsule from the furnace. No thermocouple can be 
used in this setup as the sample must be able to rotate freely for the 3D X-Ray microtomography measurements. Hence, temperature and pressure are calculated with 
the cross-calibration method, using a mixture of platinum and boron nitride powders (Crichton and Mezouar, 2002; Le Godec et al., 2000; Zha et al., 2008). 
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3. Results
A total of 10 experiments were performed. Experimental run con-
ditions, relative proportions of each phase, pressure and temperature, 
are provided in Table 2. 
3.1. Attainment of textural equilibrium at the grain scale 
FEG-SEM images were used to assess micro-textural equilibrium. These 
images show olivine triple junctions at 120° in all samples. Typical sample 
micro-textures are shown in Fig. 2 for the < 76.5:8.5:15 > (Fig. 2a) 
and < 72:8:20 > (Figure 2b) mixtures (expressed in < Fo:Melt:Ni > vol%). 
Textures indicate that nickel does not wet olivine grain boundaries, while 
silicate melt seems to form thin wedges close to triple junctions. Such fea-
tures are confirmed by dihedral angle measurements, which yield values of 
25, 150 and 175° for silicate melt, forsterite and nickel respectively. These 
results are very similar within uncertainties to those of Néri et al. (2019) 
and indicate that the interfacial energies (γ) of this system can be ordered as 
follows: γMelt-Olivine  <  γMelt-Nickel  <  γNickel-Olivine (“Melt” refers here to the 
silicate melt). This relative order of interfacial energies highlights that sili-
cate melt is the phase with the greatest tendency to wet other grains, and 
nickel the phase with the least tendency to wet other grains. On the other 
hand, while the interfacial energy between olivine and nickel is the highest, 
there is always contact between these two phases. This is because the 
condition for nickel to be completely surrounded by silicate melt (i.e. 
without any contact with forsterite grains) is: γMelt-Nickel  >  (γMelt-Oli-
vine + γNickel-Olivine), a condition that is not satisfied here (see Néri et al., 
2019). 
The observations described here thus indicate that micro-textural 
equilibrium was reached during the duration of the experiments (i.e. a 
few hours), at least at the grain scale. Taken at face value, the extremely 
high dihedral angle of Ni implies a high interconnection threshold for 
pure metal compositions, on the order of 25 vol% using the formula 
proposed by Wray (1976) for two-phase systems. On the other hand, as 
shown in Section 3.2, the macro-scale organization of metal grains is 
different from one experiment to another, depending on the relative 
proportions of the different components. We stress that similar micro- 
textural equilibria can lead to different macroscopic textures as illu-
strated and discussed below. 
3.2. Effect of varying silicate melt content and metal fraction 
Starting mixtures are composed of phases with highly different 
rheological properties: a soft metal in a matrix of rigid silicates. As 
detailed in Section 3.2.2, these different rheologies lead to an initial 
state, just after compression, of textures that are far from the equili-
brium expected from grain-scale minimization of interfacial energies. 
The ex-situ analyses presented in 3.2.1 thus provide insights into the 
effect of varying silicate melt and metal fraction on the textural ma-
turation of the systems, while in-situ analyses presented in Section 3.2.2 
highlight the evolution of textures, from the initial post-compression 
state to a texturally mature state. 
3.2.1. Ex-situ analyses 
A series of experiments with molten nickel was performed to study 
the effect of varying silicate melt and metal contents on the equilibrium 
texture and the formation of an interconnected network. PC experi-
ments were run with 10, 15 and 20 vol% of nickel and three different 
forsterite to forsterite plus silicate melt ratios (noted as Fo/ 
(Fo + Melt)): 90, 80 and 70%. These experiments were kept at 1773 K 
and 1 GPa for 4 h (Table 2). 
Fig. 3 shows the five largest metal blobs among the thousands de-
tected on CT-scan images, and illustrates the changes in nickel 
morphologies with varying phase proportions. For a high Fo/ 
(Fo + Melt) fraction of 90% and a low nickel fraction of 10 vol% 
(Fig. 3a), nickel blobs have rounded shapes, forming either isolated 
spheres or spheres in contact through narrow necks. However, in-
creasing the nickel volume fraction to 20 vol% allows the formation of 
small and localized networks with irregular shapes that largely deviate 
from spherical shape (Fig. 3c). The sample with 15 vol% of nickel shows 
an intermediate situation, with the largest blobs having shapes that are 
either close to an aggregate of spheres (e.g. the red or green blobs on  
Fig. 3d) or that are highly irregular (e.g. the red blob on Fig. 3b). In-
creasing the silicate melt fraction (decreasing Fo/(Fo + Melt)) pre-
cludes the formation of these small localized networks observed in <  
76.5:8.5:15 > and < 72:8:20 > mixtures (Fig. 3b and c). Instead, blobs 
have shapes that are close to an aggregate of spheres or to spheres 
(Fig. 3d-g). At these lower Fo/(Fo + Melt) ratios, varying nickel content 
does not seem to affect the shape of the blobs but only their size. 
From the extracted volume and surface data, two types of re-
presentation are presented. (1) Normalized Surface (NS) as a function of 
blob volume. This value corresponds to the surface of the blob normal-
ized to that of a sphere of the same volume and accounts for the irre-
gular shape of blobs compared to a spherical shape. The NS of detected 
blobs can be compared to that of simple geometric shapes (e.g. elon-
gated cylinders), illustrating how blobs deviate from such reference 
shapes. In this work, NS values of the blobs in our experiments are 
b. <72 : 8 : 20>a. <76.5 : 8.5 : 15> Fig. 2. High resolution SEM images (30 nm 
per pixel) showing typical micro-textures of 
the PC experiments. (a) SEM image of 
the < 76.5: 8.5: 15  > mixture and (b) SEM 
image of the < 72: 8: 20  >  one. Nickel 
appears in white, forsterite in light gray and 
silicate melt in dark gray. Scale bar is 1 μm. 
Micro-textures show a strong non-wetting 
behavior of the nickel pools, while the si-
licate melt is highly wetting. Dihedral 
measurements on such images yield similar 
values to Néri et al. (2019) within error 
bars. 
Electron Microscopy (FEG-SEM). Post-experiment samples were 
mounted in epoxy resin and finely polished down to 1/30 μm with 
colloidal silica. The FEG-SEM images were acquired at the Raimond 
Castaing Center (Toulouse, France) using a JEOL JSM-7800F Prime 
FEG-SEM, operated with a 10 keV accelerating voltage and 10 nA beam 
current. 
Repeated dihedral angle measurements on at least 300 triple junc-
tions were conducted on high resolution images (30 nm pixel size) using 
ImageJ. Errors on dihedral angles were estimated from two Standard 
Errors (SE), i.e. with SD the standard deviation and N the number 
of measurements. For more details on dihedral angle measurements and 
data processing, the reader is referred to Néri et al. (2019). 
compared with a cylinder of different aspect ratios, defined by the 
height to diameter ratio (e.g. Fig. 4 first row). (2) Grain size distribution 
in terms of volume fraction. In this case, the volume fraction of nickel of 
each bin is normalized to the total nickel content of the sample (e.g.  
Fig. 4 second row). 
Fig. 4 represents the quantitative data for all detected blobs. As also 
observed qualitatively in Fig. 3, at a high Fo/(Fo + Melt) fraction of 
90% (Fig. 4a-c red dots) and at a low nickel fraction of 10 vol% 
(Fig. 4a), blobs have cylinder equivalent aspect ratios (height to dia-
meter) that do not typically exceed 10, meaning that they are close to 
spherical but are mostly formed of an aggregate of spheres, generating 
the observed geometric characteristics. Increasing the nickel fraction to 
15 vol% does not significantly change the NS populations within the 
sample (Fig. 4b). However, the experiment with 20 vol% nickel 
(Fig. 4c) shows blobs that have a cylinder equivalent aspect ratio up to 
100, thus deviating largely from a sphere. This feature occurs only for 
large blobs (≥105 μm3); smaller blobs do not show such irregular 
shapes and seem closer to spherical, which may be a resolution effect. 
Finally, at a given metal fraction, varying Fo/(Fo + Melt) ratios gives 
different NS distributions: blobs have lower cylinder equivalent aspect 
ratios with decreasing Fo/(Fo + Melt) ratio, describing the fact that 
their shapes are closer to spheres (Fig. 4b and c, blue and green dots). 
Grain size distributions of the different samples provide additional 
information. For a nickel content of 15 vol% (Fig. 4d and e), the volume 
fraction distributions are very similar irrespective of the Fo/ 
(Fo + Melt) ratio. Variations in the minimum grain size detected de-
pend on the resolution of the microtomography acquisition, but are not 
significant. These distributions are characterized by a maximum blob 
size that does not exceed ≈ 3.105 μm3 and the largest blob represents 
up to 1% of the total nickel of the sample. For larger nickel contents of 
20 vol% (Fig. 4f) additional features appear. First, the maximum size 
differs by almost one order of magnitude depending on the Fo/ 
(Fo + Melt) ratio, from 6.105 to 5.106 μm3 with Fo/(Fo + Melt) ratio 
ranging from 70% to 90% respectively. Second, the volume fraction of 
the largest blob increases with the Fo/(Fo + Melt) ratio, from 1 to al-
most 10 vol%, which is likely a sign of localized interconnection. Var-
iations of Fo/(Fo + Melt) ratio thus seem to have an effect only for 
relatively high metal fractions. 
These observations of nickel textures at different scales seem to 
provide contradictory insights below the interconnection threshold of 
nickel: micro-scale textures and interfacial energy considerations imply 
that isolated nickel blobs should be spherical in all PC experiments 
studied here (Néri et al., 2019), but meso-scale textures indicate large 
irregular nickel blobs in a number of cases. Samples with such irregular 
blobs are thus inferred to be far from textural equilibrium, as discussed 
in more detail below. 
3.2.2. Time-resolved in-situ analysis 
Ex-situ 3D microtomography only provides information on the final 
state of the experiments, but in-situ characterization of the samples 
allows to have time-resolved insight into the evolution of textural 
properties. Although these data highlight similar effects of varying si-
licate melt fraction as observed previously, complementary and critical 
information are also obtained to determine the evolution of the system 















Fig. 3. 3D views of the five largest nickel blobs of the recovered PC samples (4 h at 1773 K, see Table 2 for compositions), with the nickel volume fraction from left to 
right and the forsterite to forsterite plus silicate melt ratio (noted as Fo/(Fo + Melt)) from bottom to top. This figure indicates different states of textural maturation 
as a function of these two parameters. The most equilibrated textures are obtained for low Fo/(Fo + Melt) ratios. At a fixed Fo/(Fo + Melt) ratio, increasing the metal 
volume fraction causes the metallic blobs to be more and more irregular, except for a ratio of 70% where variations in the metal content do not seem to affect the 
shape of the blobs anymore. These features highlight that for the same micro-textural equilibrium (dihedral angles), different macro-textural properties can be 
achieved. 
from an initial post-compression state in which the sample has an ex-
tremely high solid/(solid+melt) ratio and irregular metallic textures, to 
a state approaching equilibrium (i.e. with macro-scale geometries 
consistent with grain-scale minimization of interfacial energies) at 
higher degree of melting, similar to the final state observed in PC ex-
periments. As shown in Table 2, three PE experiments have been per-
formed for the mixtures < 65:25:10 > , < 70:5:25 > and < 65:5:30 >  
. 
We begin by illustrating the results for the low metal-content mix-
ture < 65:25:10 > , concentrating on the characteristics of the largest 
blobs (Fig. 5 insets 1–6 and Fig. 6 in red). Just after compression and 
before heating of the < 65:25:10 > experiment (Fig. 5 inset 1 and  
Fig. 6a in red), the majority of the nickel is observed to be part of a 
single network, which represents 60–70 vol% of the total nickel. 
However, upon increasing temperature and silicate melt fraction, there 
is a radical change in behavior at 1950 K (well above nickel melting and 
the silicate eutectic), at which this network breaks apart (Fig. 5 insets 
3–4 and Fig. 6a). Above this temperature the volume fraction of the 
largest nickel blob drops to 5 vol% and continues to decrease upon 
further heating until it reaches ≈1 vol% at 2080 K (Fig. 5 insets 4–6 
and Fig. 6a). The NS (Fig. 6b in red) shows a similar trend with a sig-
nificant drop at the same temperature indicating that the network 
disruption forms blobs with shapes close to spherical (NS = 1). This 
effect is also qualitatively seen in 3D views of the 5 largest blobs (Fig. 5 
insets 1 to 6). Oscillations of the NS before its dramatic decrease in-
dicate that the network is dynamic and constantly reorganizing itself, 
with local disruption and interconnection. This effect is illustrated by 
the positions of the second to fifth largest blobs that constantly change 
over the time of experiment (Fig. 5 insets 1 to 3). 
NS populations and volume fraction distributions for all blobs of 
the < 65:25:10 > experiment are shown in Fig. 7a and d respectively. 
NS populations indicate that a proportion of nickel blobs adopt highly 
non-spherical shapes (with cylinder equivalent aspect ratios that can 
exceed 1000) before the network breakdown (Fig. 7a green and blue). 
After that point, nickel blobs become more and more spherical. For 
instance, at the highest temperature studied (2080 K, Fig. 7a in red), the 
cylinder equivalent aspect ratios of the blobs barely exceed 10. The 
network breakdown induces two other important evolutions of the 
volume fraction distribution. The first one is the appearance of smaller 
blobs with maximum sizes decreasing from 106 to 105 μm3 as tem-
perature increases. On the other hand, blob growth occurs during the 
time of experiment, causing the loss of small blobs, within the range 10 
to 103 μm3. The combined effect of these two processes (network dis-
ruption and blob growth) narrows the range of volume fraction dis-
tribution, with a significant increase in the number of grains with vo-
lumes between 103 and 105 μm3. At the end of the experiment, this 
distribution has exactly the same characteristics as those obtained from 
PC experiments with low metal contents or low Fo/(Fo + Melt) ratios 
(Fig. 4a, b, d and e for mixtures with 10 and 15 vol% of Ni): the 
maximum blob volume does not exceed 105 μm3 and the largest blob 
does not represent much more than 1% of the total nickel in the sample. 
These observations thus provide evidence in favor of an initial dis-
tribution of nickel (generated by cold compression) that is not at 
equilibrium, as discussed in more details below. 
For the PE experiments with 25 and 30 vol% of nickel, more than 
99% of the total nickel content is part of a single large blob (Fig. 5 insets 
7–8 and Fig. 6a in blue green and blue). This ubiquitous network is 
present from the beginning to the end of the experiment, with a volume 
fraction and a NS that are not subject to significant changes, even after 
Ni and eutectic-silicate melting. The NS of the largest blobs (Figs. 6b, 7b 
and c) are high, between 75 and 100, corresponding to a cylinder 
equivalent aspect ratio of 10,000. The distributions in volume fraction 
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Fig. 4. Textural evolution of nickel phase in PC samples with varying Fo/(Fo + Melt) (90% in red, 80% in blue and 70% in green) and varying nickel content (10 vol 
% in the first column, 15 vol% in the second one and 20 vol% in the third one). The textural differences observed on Fig. 3 are quantified using the Normalized 
Surface (NS) as a function of blob volume (a-c) and the volume fraction distribution (d-f). The NS populations are compared with equivalent aspect ratios predicted 
for simple geometrical shapes to have an indication of how much the blobs deviate from a reference shape. To this aim, ticks on the right y-axis (a, b, c) represent the 
wire equivalent aspect ratio (height to diameter). At a given nickel fraction, the general trend of the NS population is affected by the Fo/(Fo + Melt) ratio with low 
ratios fostering the presence of rounded grains (NS values close to 1). The bin to bin nickel volume fraction distributions (d-f) show the same effect for the Fo/ 
(Fo + Melt) ratio. The presence of small localized networks that can reach up to 10 vol% of the total nickel is also highlighted, a feature likely to arise from the cold 
compression that forces the nickel to form a network. These localized networks represent remnants of a larger network that broke apart. Each single NS population at 
each temperature step is plotted in Fig. S2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
(Fig. 7e and f) are generally similar for the two mixtures 
(< 70:5:25 > and < 65:5:30 >) irrespective of temperature and sili-
cate melt content. In detail, persistence of the metal network does not 
mean that there are no changes with temperature and time. For ex-
ample, when the metal melts, there are local changes in texture. The 
surface area of contacts between metal and silicates decreases as the 
metallic liquid withdraws from spaces between grains that are too 
narrow, probably driven out by the wetting silicate liquid. 
4. Discussion
4.1. Consequences of cold compression and the notion of interconnection 
threshold 
A notable feature of the results obtained in-situ is that a large pro-
portion of metal grains already form an interconnected network below 
the onset of silicate and/or nickel melting. This is true even for the 
mixture of low metal proportion < 65:25:10 > . However, several lines 
of evidence suggest that this low temperature connectivity is not a 
persistent feature. The first is that the metal network is not global, re-
presenting only 60–70 vol% of the total Ni. Secondly, for the mix-
ture < 65:25:10 > , the metal rapidly reorganizes itself at high tem-
perature, disrupting the initial network. Thirdly, interconnection at 
10 vol% of metal is incompatible with grain-scale equilibrium geome-
tries of high dihedral angle. We thus conclude that initial connectivity 
results from the strain applied upon cold compression. Indeed, nickel is 
a “soft” phase that may be spread along grains of the harder silicate 
matrix by compression, thus forcing interconnection. Disruption of this 
forced network seems to require the metal be molten and to be favored 
by the presence of silicate melt. The detailed effects of temperature and 
the fraction of silicate melt on the time required to disrupt the initial 
forced network cannot be assessed from this single experiment, but it is 
reasonable to assume that larger melt fractions will lead to faster dis-
ruption. 
Concerning the mixtures of high metal fraction, (< 70:5:25 > and <  
65:5:30 >) it is of note that the initial networks of metal grains cover >  
99% of all Ni present and that the networks persist at all temperatures 
studied. This would indicate that an interconnected network of metal is a 
stable feature at these metal fractions. However, we note that in these ex-
periments, the starting material contained 5 vol% of eutectic silicate melt, 
resulting in only 8–10 vol% of silicate melt at the end of the experiment. It is 
thus possible that the silicate melt fraction was insufficient to allow the 
metal network to reorganize and break apart. On the other hand, compar-
ison with the ex-situ PC experiments indicates that melt fractions in this 
range are sufficient to disrupt metal networks formed by cold compression. 
For example, in runs with a Fo/(Fo + Melt) ratio of 90%, the silicate melt 
content is 9, 8.5 and 8 vol% for Ni contents of 10, 15 and 20 vol% re-
spectively. All of these PC experiments show micro-textures largely domi-
nated by isolated blobs at the end of the runs (Fig. 3a-c). Note too that the 
PE experiments were kept at peak temperature for 4 h in order to have a 
1. 970 K 2. 1820 K 3. 1920 K
4. 1950 K 5. 1980 K 6. 2080 K
7. 8.
Fig. 5. 3D view of the five largest nickel blobs at different temperature steps of the < 65:25:10 > PE experiment (1–6) and at the peak temperature for the <  
70:5:25 > (7) and < 65:5:30 > (8) PE experiments. Each inset corresponds to one data point on Fig. 6. The largest blob seems to form a network from the beginning 
of the experiment in the < 65:25:10 > mixture (1–3), but the four other largest blobs still have a significant size. However, these blobs constantly evolve as their 
location constantly changes at each temperature step, with a dynamic of local interconnections and disruptions. Once a given temperature has been reached (slightly 
above the silicate solidus and nickel liquidus), the large network breaks apart into smaller blobs which become more and more rounded with increasing temperature 
and time (4–6), indicating that the initial state was not a stable configuration. For PE experiments with larger Ni contents (7 and 8), the largest blob constitutes a 
widespread network and does not evolve with time, arguing in favor of persistent networks. As these 3D networks have irregular shapes, it may be difficult to see any 
details; for a comparison between the 3D views and the 2D slices on each face of the cube, the reader is referred to Fig. S4. 
comparable thermal history to PC experiments. As such, the PE and PC 
experiments are complementary. Fig. 3a-c and Fig. 5 insets 7 and 8 thus 
constitute a series that illustrates variations in the evolution in the topology 
of metal for a constant Fo/(Fo + Melt) of 86–90% and metal content from 
10 to 30 vol%. In light of these considerations, the observed persistence of a 
connected network of Ni for metal content ≥25% in the PE experiments is 
taken to indicate that these experiments were above the stable nickel in-
terconnection threshold in a partially molten silicate matrix. 
Overall, these results highlight that care must be taken when de-
fining the interconnection threshold, as the simple existence of a 
network of touching grains would not appear to be sufficient. The 
question then arises of how to assess if an observed network is persis-
tent or not, and in the latter case, what are the factors controlling the 
timescale of network disruption. These issues will be treated below. 
4.2. Processes responsible for textural maturation 
Assuming that cold compression generates a forced interconnected 
network of metal grains at low temperature, the high interfacial energy 
of metal-silicate interfaces (see Section 3.1 and Néri et al., 2019) will 
provide a driving force for textural equilibration. However, such grain 
boundary migration requires atomic mobility and the timescales to 
reach a state of macroscopic equilibrium thus depend on pressure- 
temperature conditions and on the length scale of observation. In order 
to provide a relevant definition of the interconnection threshold, we 
must carefully consider the different mechanisms that can induce tex-
tural changes and their respective effects on the interconnectivity of the 
metallic phase. 
Interfacial energies generate a pressure gradient along an interface, 
depending on its curvature. If only the metal is liquid, these pressure 
forces are unable to deform the silicate grains, but as soon as two li-
quids (silicate and metallic) are present, the interface between them can 
move and deform easily. The dynamics of this interface, also called 
Plateau-Rayleigh instability, depend on both inertial and viscous dis-
sipation. The dimensionless Reynolds number, Re, provides the ratio 
between these terms and indicates which one prevails: Re = ρuL/μ, 
where ρ is the density of the fluid, μ its viscosity, u and L the char-
acteristic velocity and length. The most viscous fluid governs the dy-
namics of the interface, thus density and viscosity of the silicate melt 
are used to calculate Re. The characteristic velocity is on the order of 
u = γ/μ, with γ the surface tension between liquids, that is on the order
of 1 J.m−2 (Keene, 1995). In the case of our experiments, Re remains 
well below one, indicating that inertial forces are negligible and that 
pressure gradients due to surface tensions are simply equilibrated by 
viscous dissipation. Under these conditions, an estimate of the char-
acteristic time τ for the displacement of the interface between the two 
liquids in the matrix can be derived from the velocity of a Poiseuille 
flow in a pipe (Aarts et al., 2005; Siggia, 1979): up = ∆pr2/8μL, such 
that τ = L/up = 4μL2/γr, where ∆p is the pressure difference, L the 
length of the pipe and r its radius. Considering a metallic film / pipe 
with a thickness / diameter of 2r ≈ 10 μm (derived from our micro-
tomography data) and a length L ≈ 1 mm (height of the sample), vis-
cous dissipation will equilibrate the interface within 400 s. This time-
scale is much shorter than the disruption timescale observed (a few 
hours in our experiments), indicating that the disruption of the metallic 
network is not driven by the minimization of interfacial energies alone 
and that there is another, slower, limiting process. Nonetheless, mini-
mization of interfacial energies may still be responsible for equilibra-
tion of micro-scale structures, such as triple junctions and metallic 
blobs trapped at silicate grain corners. 
The most plausible explanation for observed network disruption is 
that the evolution of the metallic network is limited by the evolution of 
the shape of the solid silicate matrix. In other words, the nickel network 
is not disrupted instantaneously because the space between olivine 
grains cannot accommodate such rapid formation of disjointed metallic 
pockets. Put differently, the shape of the metallic blobs is constrained 
by the reorganization of the solid silicate matrix: the textural evolution 
of metal grains or droplets follows that of olivine grains, as previously 
proposed in silicate melt-free metal-silicate systems (Guignard et al., 
2012, 2016). This hypothesis can be tested by comparing the evolution 
of the total surface area of metal blobs with that of silicate grains. The 
former is extracted from the 3D microtomography data, while the latter 
can only be estimated from grain growth laws for forsterite. 
In a static environment (i.e. non-deforming), the evolution of olivine 
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Fig. 6. Evolution of textural properties of nickel phase in the PE experiments 
conducted at beamline PSICHE (SOLEIL Synchrotron) for three different mix-
tures: < 65:25:10 > (in red), < 70:5:25 > (in green) and < 65:5:30 > (in 
blue). Results are plotted as a function of temperature, which corresponds also 
to a different silicate melt content due to progressive melting. For simplicity, 
the nickel volume fraction (a) and the NS (b) of the largest blob are plotted as a 
function of temperature. 3D views of each numbered data point are represented 
on Fig. 5. In the < 65:25:10 > sample, right after compression, nickel is forced 
to form a network that represents about 60–70 vol% of the total nickel (1–3), 
due to different rheological properties between the metal and silicates. How-
ever, this metal content is much lower than the expected interconnection 
threshold, and increasing temperature and silicate melt content causes the 
network to be disrupted into smaller blobs (3–6) with shapes more and more 
rounded (i.e. NS approaching 1). In opposition to that, networks formed in the 
experiments containing 25 and 30 vol% keep the exact same characteristics 
during the whole time of experiment: their largest blobs cluster more than 
99 vol% of the total nickel and have NS with constant values. These networks 
are thus persistent and above the interconnection threshold. Hence, the inter-
connection threshold of nickel in a partially molten silicate matrix lies between 
20 and 25 vol%. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
=a a ke t,n n
E
RT0 (2) 
with a the grain size at time t, a0 the initial grain size, n the growth law 
exponent that depends on the mechanism at work, k the growth rate, E 
the activation energy, R the gas constant and T the temperature. 
Considering that the number of grains of size a is inversely proportional 
to their individual volume a3 while their individual surface area is 
proportional to a2, it follows that the total grain surface area s is in-











where s0 and a0 are reference values for the total grain surface area and 
the grain size taken at the same time. Here, these reference values are 
initial values, right after compression. 
Fig. 8a displays the time evolution of the total surface area of the 
metal phase extracted from the 3D microtomography data and nor-
malized to the initial value. It is compared with the total forsterite grain 
surface area (also normalized by the initial value) calculated from Eq.  
(3) and integration of Eq. (2) following the temperature evolution of the
experimental system (shown as a black curve in Fig. 8a). The para-
meters of the growth law are taken from Guignard et al. (2012, 2016)
for the system with no silicate melt, and from Guignard (2011) above
the eutectic temperature. The initial grain size is a free parameter for
the integration of Eq. (2); the range 10–20 μm offers a good fit of the
normalized surface area of metal phase - with 15 μm offering the best fit
- and is broadly consistent with the initial grain size of forsterite in the
sample. Indeed, even if powders have been sieved to have an initial
grain size larger than 30 μm, grains are likely to have been crushed
during compression, thus reducing the starting grain size. The agree-
ment between grain growth laws and experimental data shows that the
dynamics of the liquid metal phase and the forsterite grain ripening
share similar timescales. These data thus support the conclusion of
Walte et al. (2007) and Bagdassarov et al. (2009) that textural
maturation of high dihedral angle liquids is limited by the grain growth 
of the solid silicate matrix. 
In light of these considerations, the interconnection threshold of a 
phase can thus be defined as the volume fraction at which an inter-
connected network persists in time, in the absence of external forces 
and at pressure-temperature conditions that permit grain-boundary 
movement (i.e. excluding kinetically arrested systems). For the system 
of study here, this interconnection threshold is derived to be between 
20 and 25%. This value is broadly consistent with theoretical predic-
tions made from measurements of dihedral angle at grain-boundary 
scale, which, for a two phase system, is on the order of ≈27 vol% 
(Wray, 1976). 
4.3. Critical assessment of relevant interconnection thresholds of metal-rich 
liquids in a silicate matrix 
Precise knowledge of the interconnection threshold is critical when 
addressing the question of metal-silicate differentiation in the early 
solar system. In natural systems, iron-rich melts are typically rich in 
sulfur too, the first-formed metal-rich liquids having a composition 
close to that of the Fe-FeS eutectic. Several studies have thus focused on 
the question of connectivity of a Fe-FeS eutectic liquid in a matrix of 
San Carlos olivine. However, even in this simple system various 
threshold values have been proposed, ranging from 3 to 6 vol% (Watson 
and Roberts, 2011; Yoshino et al., 2003) to 17.5 vol% (Bagdassarov 
et al., 2009). The discrepancy between values found for a single system 
at similar conditions, covering more than half of the total possible range 
of interconnection thresholds seriously complicates efforts to the nu-
merical modeling of natural systems, as it is currently unclear which 
values are the most appropriate. Given that grain-growth of olivine has 
been determined to be a factor limiting textural equilibrium in our 
experiments and that the same is to be expected for metal-sulphide 
melts, we will use our data to calculate time scales of textural equili-
bration (Fig. 8b). This analysis will then be used to assess to what extent 
Blob volume (µm3)
100 101 102 103 104 105 106 107 108
Blob volume (µm3)
100 101 102 103 104 105 106 107 108
Blob volume (µm3)
100 101 102 103 104 105 106 107 108














T =   970 K
T = 1920 K
T = 1950 K
T = 2080 K
T = 1980 K
T =   300 K
T = 1800 K

































Fig. 7. NS (a-c) and volume fraction (d-f) distribution of all detected blobs in the PE experiments as a function of temperature (colour code). The < 65:25:10 > shows 
once more the presence of a forced network from the beginning of the experiment. However upon network disruption, blobs quickly rearrange to form spheres, with a 
decrease of the NS toward a value of 1 and an increase of the proportion of blobs in the range 103 to 105 μm3. At the end of experiment, volume fraction distributions 
are almost identical to the most texturally evolved PC samples (Fig. 4). Samples hosting larger silicate melt contents (25 and 30 vol%) show NS populations and 
volume fraction distributions that do not evolve during the time of experiment, arguing strongly in favor of a persistent network and of an interconnection threshold 
of pure nickel in partially molten silicate matrix between 20 and 25 vol%. Each single NS population at each temperature step is plotted in Fig. S3. 
our data and that from the literature represent texturally equilibrated 
systems or not. 
All our experiments were carried out with a significant fraction of a 
silicate melt, which strongly enhances grain growth (Guignard, 2011) 
and will reduce the time to reach textural maturation. The effect of the 
presence of silicate melt on olivine grain growth can be assessed using 
appropriate grain-growth laws, as illustrated in Fig. 8b for a tempera-
ture of 1773 K corresponding to that of our PC experiments. For a 
system with silicate melt (Fig. 8b, black curve), the normalized surface 
area calculated with an initial mean forsterite grain size of ≈15 μm 
starts to decrease within less than 1 h and drops below 0.9 within 4 h, 
an amplitude equivalent to that observed experimentally (Fig. 8a) 
during the breakdown of the Ni network. Here, the thick solid line re-
presents the evolution of the normalized surface area during the time of 
the experiment and the thin dashed line shows the predicted evolution 
for longer times than those studied experimentally. Performing the 
same calculation (same temperature and same initial grain size), but for 
a system with no silicate melt (Fig. 8b, gray curve), it is predicted that it 
would take ≈102 h for the normalized surface area to show a percei-
vable decrease and on the order of 103 h to decrease by the amount 
observed in our partially molten system. The use of smaller grain sizes 
constitutes a way to decrease the timescales necessary for textural 
maturation, even in systems that do not contain silicate melt (Fig. 8b, 
red curve). With this idea in mind, the model can be used to calculate 
the maximum grain size that would result in disruption of the initial 
forced network within 4 h at silicate subsolidus conditions. The corre-
sponding value is ≈ 5 μm. Given that grain growth is a thermally ac-
tivated process, the situation is even worse at lower temperature. For 
example, just below the eutectic temperature of natural systems 
(≈1270 K), the calculations indicate that even for an initial grain size 
of ≈2 μm, about one year would be necessary to observe the disruption 
of forced metal networks generated during cold compression. 
The same reasoning can be applied to critically reanalyze literature 
data in the San Carlos olivine - Fe-FeS eutectic system, in particular the 
role of initial grain-size and experimental conditions (i.e. temperature).  
Yoshino et al. (2003) used San Carlos olivine powder with a mean grain 
size of 10–20 μm and equilibrated the samples for 20 h at 1573 K 
(Fig. 8b, green curve), while Roberts et al. (2007) and Watson and 
Roberts (2011) used a starting grain size of 45 μm, temperature in the 
range 1573–1623 K and run durations of 24 h (Fig. 8b, blue curve). 
Using grain growth laws of olivine grains in presence of an iron-sulfide 
melt (Solferino et al., 2015; Solferino and Golabek, 2018), the evolution 
of the normalized total surface area shows no decrease during the time 
of experiment (Fig. 8b, full green and blue curves). At these conditions, 
the model predicts that the evolution of the normalized surface area 
(and associated break up of the forced network) requires thousands of 
hours for experiments of Yoshino et al. (2003) (Fig. 8b green dashed 
line) and ≈107 h (i.e. ≈1 kyr) for the experiments of Roberts et al. 
(2007) and Watson and Roberts (2011). Hence, we conclude that tex-
tural maturation is not likely to have proceeded much in these ex-
periments. Bagdassarov et al. (2009) on the other hand had identified 
that the use of such large initial grain sizes hindered the approach of 
textural equilibrium and consequently used initial grain sizes of 1.8 μm. 
At 1373 K and in the absence of silicate melt (Fig. 8b, red curve), our 
calculations indicate that the normalized total surface area starts to 
decrease extremely rapidly, decreasing far below the value of 0.9 
during the time of experiment. Based upon this analysis, it can be 
surmised that the interconnection threshold proposed by Yoshino et al. 
(2003), Roberts et al. (2007) and Watson and Roberts (2011) were 
obtained far from textural equilibrium and may be underestimated. The 
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Fig. 8. (a.) Evolution of the normalized total surface area of nickel blobs during the < 65: 25:10 >  PE experiment. Gray dots represent the data extracted from the 
3D data while the colour lines represent the evolution of the normalized total surface area of forsterite grains calculated from grain growth law (see Eq. (3)) along the 
followed temperature path (black line). Both metallic blob and forsterite grain surface areas are normalized by their initial values. The parameters of the growth laws 
for our experimental system (olivine + silicate melt + nickel) are taken from Guignard et al. (2012 and 2016) and Guignard (2011) for solid and partially molten 
conditions, respectively, while those for Fe-FeS melt – olivine systems representative of literature studies are taken from Solferino et al. (2015) and Solferino and 
Golabek (2018). This figure indicates that the textural maturation of nickel grains is limited by grain growth of the rigid silicate matrix. Although the forsterite 
powder was sieved, data are best fitted within a range of initial grain sizes between 10 and 20 μm, indicating that cold compression crushed the forsterite grains. (b.) 
Evolution of the normalized total surface area for our PC experiments (black curve) and the studies of Yoshino et al. (2003), Roberts et al. (2007) and Watson and 
Roberts (2011), and Bagdassarov et al. (2009) respectively in green, blue and red. Our experiments were conducted with a partially molten silicate subsystem and 
modeled using grain growth laws of Guignard (2011) while that in the literature were performed below the silicate solidus and modeled with grain growth laws of  
Guignard et al. (2012, 2016). The thick full lines show the evolution that occurred during the time of experiment, while the thin dashed lines indicate the further 
evolution that would have occurred for longer times. Such plot shows that our experimental conditions and those of (Bagdassarov et al., 2009) cause a slight decrease 
of the normalized total surface area which may not allow the evolution to fully equilibrated textures but ensures that any forced interconnected network can break 
apart. On the contrary, experimental conditions of Yoshino et al. (2003), Roberts et al. (2007) and Watson and Roberts (2011) do not allow any evolution of the 
normalized total surface area during the time of experiment, artificially making the initially forced interconnected network persistent over the experiment. It is of 
note that thermal histories of planetesimals have timescales on the order of ten million years, which would ensure the disruption of any forced network. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
case has been made that the threshold values of Yoshino et al. (2003),  
Roberts et al. (2007) and Watson and Roberts (2011) correspond to the 
theoretical value (calculated using Wray, 1976) for the regular assem-
blage of truncated octahedral (tetrakaidecahedron) crystals. However,  
Ghanbarzadeh et al. (2017) show that this threshold is sensitive to grain 
shape. On irregular polycrystalline material, such as a natural or ex-
perimental samples, the threshold is significantly higher than that de-
termined on idealized grains (truncated octahedra). For example, for a 
dihedral angle of 110°, as in the case of contacts between olivine and 
Fe-FeS eutectic metal, Ghanbarzadeh et al. (2017) find a threshold close 
to that determined by Bagdassarov et al. (2009). Ghanbarzadeh et al. 
(2017) also indicate that “textural equilibrium allows multiple solutions 
that represent local minima in interfacial energy”, so that the threshold 
required to achieve connectivity is higher than that at which the con-
nectivity is broken by metal drainage. The latter values are then close to 
the theoretical thresholds. The authors explain this change by the 
continuous phase rearrangement during drainage that always occurs at 
textural equilibrium in their simulations. While this hysteresis has im-
portant implications to estimate the fraction of metal that can be 
drained or trapped in a natural sample undergoing Fe-FeS melting (e.g.  
Néri et al., 2019), it cannot be invoked to explain the low threshold 
values reported by Yoshino et al. (2003), Roberts et al. (2007) and  
Watson and Roberts (2011). Our analysis rather suggests that the real 
threshold is closer to the estimate of Bagdassarov et al. (2009). 
4.4. Textures in natural samples 
While grain-size can lead to the preservation of forced textures in 
experimental systems (e.g. those produced by cold compression), the 
time-scales of natural systems (> 1 Ma) will favor an approach to 
equilibrium, even in melt-free systems (i.e. ordinary chondrites). In this 
final section, textures of meteorites that experienced increasing peak 
temperatures will be used to shed light on the processes that affected 
such natural systems formed in the early solar system. 
Chondrules can be considered as one endmember as they experi-
enced high peak temperature (Tpeak ≈ 1773–1873 K) in the presence of 
a significant amount of silicate melt (e.g. Zanda, 2004). In this respect, 
our PC experiments constitute a good analogue and we note that both 
chondrules and our metal-rich experiments exhibit similar textures with 
iron-rich phases being close to perfectly spherical. At the other extreme, 
H4 chondrites experienced low peak temperature (Tpeak ≈ 800 K) 
(Guignard et al., 2016; Monnereau et al., 2013), thus evolved in a melt- 
free system, whether silicate or metal-sulfide. In these samples, iron- 
rich phases are fine-grained minerals homogeneously distributed in a 
matrix of grains with irregular shapes. Objects that experienced inter-
mediate peak temperatures with no melt present are H5 
(Tpeak ≈ 1100 K) and H6 (Tpeak ≈ 1200 K, Guignard et al., 2016 and  
Monnereau et al., 2013) while the primitive achondrites, i.e. aca-
pulcoites (Tpeak ≈ 1373 K, Palme et al., 1981) and lodranites 
(Tpeak ≈ 1473 K, McCoy et al., 1997) show evidence for melting of the 
metal-sulfide and silicate subsystems. 
To explore the consequences of these different conditions on metal 
textures, we have quantified the shape of metal-rich phases in samples 
of the above-mentioned suite of meteorites. For simplicity, we con-
centrate here on the degree of 2D non-circularity ∆C (see Guignard and 
Toplis, 2015) derived from images obtained by SEM or optical micro-








where Pm is the measured perimeter of a grain and Reff is the radius of 
the circle corresponding to the measured area of the grain Am, calcu-
lated as: 
=R A .eff m (5)  
Data for the degree of non-circularity of iron-rich phases originate 
from different sources. H-chondrite data were taken from Guignard and 
Toplis (2015) and data for chondrules were calculated from pictures of  
Ganino et al. (2019), with permission from the authors. Finally, data for 
acapulcoites and lodranites were acquired from optical micrographs of 
sections of Acapulco and Lodran (sections Acapulco-2 and Lodran ns 2 
respectively) loaned by the Museum National d'Histoire Naturelle 
(MNHN, Paris). 
Textures of the iron-rich phases in this suite of natural objects are 
shown in Fig. 9 and Fig. 10 which represent the ∆C distributions. 
Textural maturation is limited by grain growth processes, which are 
controlled by thermal history (mostly peak temperature and time spent 
at this temperature) and the presence or absence of silicate melt. On the 
one hand, chondrules show a peak frequency at ∆C ≈ 3%, indicating 
extremely rounded metallic grains. Based on eq. (3), textural matura-
tion is extremely fast (< 10 min), a feature matching the extremely 
500 µm 100 µm
500 µm500 µm500 µm
e. Chondruled. Acapulco
a. H4 b. H5 c. H6
Fig. 9. Textures of iron-rich phases in a suite of natural objects that experienced increasing peak: (a.) Forest Vale H4 (Tpeak ≈ 800 K) chondrite, (b.) Misshof H5 
(Tpeak ≈ 1100 K) chondrite, (c.) Estacado H6 (Tpeak ≈ 1200 K) chondrite (H4, H5 and H6 pictures from Guignard and Toplis, 2015), (d.) Acapulco (Tpeak ≈ 1373 K, 
Acapulco −2 from MNHN), (e.) chondrule of Yamato 81020 (Tpeak ≈ 1773–1873 K, picture from Ganino et al. (2019) used with permission from authors). Troilite 
grains appear in orange while kamacite-taenite grains appear in white; the gray matrix corresponds to the silicates. 
short and intense thermal history of chondrules. On the other hand, H 
chondrites span a wide range of non-circularity, from ∆C ≈ 50% for 
petrologic type H4 to ∆C ≈ 10–15% for petrologic type H6 (Guignard 
and Toplis, 2015). These values are consistent with subsolidus condi-
tions and low peak temperatures. In the H chondrite series, samples of 
H4 display the least rounded metallic grains because their low peak 
temperature requires timescales of a billion years to have significant 
grain growth, while the longer thermal history and higher peak tem-
perature of H6 (Guignard et al., 2016; Monnereau et al., 2013) led to 
metallic grains that are more rounded. Acapulco and Lodran experi-
enced peak temperatures intermediate between petrologic type H6 and 
chondrules and show signs of partial melting (Keil and McCoy (2018) 
and references therein), thus their ∆C distribution is expected to be 
intermediate between these objects. However, these primitive achon-
drites are found to have non-circularity values between the least tex-
turally mature samples: petrologic types H4 and H5 (Fig. 10), indicating 
textures that are out of equilibrium and highlighting a process that 
forced and maintained these textural properties. 
For acapulcoites and lodranites, such process can be the migration 
of the silicate melt that may have induced the compaction of the matrix, 
applying a strain on iron-rich phases and forcing them to adopt shapes 
that deviate from the equilibrated sphere. In this respect, samples of 
Acapulco and Lodran may have experienced the same sort of compac-
tion as the cold compression of our experiments – most likely to a lesser 
extent – that forces metallic grains to deform and adopt shapes that are 
highly non-spherical. Although these objects were maintained at rela-
tively high temperature for long periods of time (a few million years, 
e.g. Neumann et al., 2018), textural changes were inefficient and the
iron-rich phases did not adopt spherical shapes. This feature is most
likely due to limited grain boundary mobility after melt extraction - as
revealed by the huge difference in growth rate of silicate between solid
and partially molten system (Guignard, 2011; Guignard et al., 2012, 
2016) - and the relatively large grain sizes acquired in the presence of 
silicate melt. Indeed, once grains grow up to a few hundred microns in 
partially molten conditions, as in acapulcoites and lodranites (Keil and 
McCoy (2018) and references therein), further significant grain growth 
after the removal of the silicate melt requires more than 10 Myr. This 
timescale is similar to that necessary for textural maturation after 
compaction, following eq. (3), but is larger than the peak temperature 
lifetime on the acapulcoite-lodranite parent body (Neumann et al., 
2018). Hence, the extraction of silicate melt causes the “freezing” of 
both silicate grain size and irregular textures of iron-rich phases. 
The removal of the silicate melt not only affected the textural 
properties of iron-rich phases but also the differentiation history of the 
parent body through the formation of a forced Fe-FeS melt network, as 
shown in the following. Most studies of metal-silicate differentiation in 
primitive achondrites have assumed a low interconnection threshold of 
the Fe-FeS eutectic melt (Néri et al., 2019; Neumann et al., 2012, 2018;  
Šrámek et al., 2012), on the order of 3 vol% (Roberts et al., 2007;  
Watson and Roberts, 2011; Yoshino et al., 2003). However, such a low 
value seems to be the result of poorly equilibrated sample textures, 
yielding an underestimate of the value required to have a stable in-
terconnected network (see Section 4.3 and Bagdassarov et al. (2009)). 
Assuming equilibrated textures in a planetesimal and using inter-
connection threshold values in such conditions (e.g. 17.5 vol% for the 
Fe-FeS eutectic composition, Bagdassarov et al., 2009), no persistent 
networks could be formed during the evolution history of lodranites. 
Indeed, considering that primitive achondrites originate from precursor 
material with a composition close to that of H chondrites (Palme et al., 
1981), i.e. a modal fraction of iron-rich phases of ≈10 vol% (Guignard 
and Toplis, 2015), interconnection cannot be achieved unless the sili-
cate partial melt is extracted, and even so, such high threshold values 
require the removal of 40–50 vol% of the silicates. This degree of 
melting is way above the geochemical and petrological constraints on 
lodranites (20 vol%, McCoy et al., 1997), precluding the formation of a 
stable interconnected network in their parent body. However, new 
pathways are opened if forced interconnectivity is considered. Indeed, 
the assumption of continuous extraction of a silicate melt as proposed in  
Néri et al. (2019) can be reconciled with the experimental data pre-
sented here if one assumes that continuous compaction of the matrix 
forces disequilibrium geometries and interconnection. Although the 
extraction of 20 vol% of silicate melt (i.e. that derived for lodranites), 
would only increase the iron‑sulfur melt fraction to ≈5 vol% (estimated 
from Néri et al. (2019)), previous studies of Yoshino et al. (2003),  
Roberts et al. (2007) and Watson and Roberts (2011) indicate that such 
a fraction is enough to force the interconnectivity of a Fe-FeS melt. 
Whether or not such a forced network exists in these natural samples 
could be resolved by the use of 3D X-ray microtomography on the main 
masses of these meteorites, but even if connected, this will not answer 
the question of whether such a forced network is able to percolate over 
relevant time-scales. More experimental efforts are required to shed 
light on this point. 
5. Conclusion
Experiments were performed to determine the influence of different
parameters on the interconnection threshold of pure metal in a partially 
molten silicate matrix of relevance to metal-silicate differentiation 
processes in small rocky bodies of the early solar system. Overall, the 
main conclusions can be summarized as follows: 
(1) Comparison between grain-scale and sample-scale textural proper-
ties indicates that large-scale textural equilibrium is not always
reached. Indeed, measured dihedral angles indicate that nickel
grains should be approximately spherical at equilibrium. However,
macroscopic properties of nickel determined from 3D X-ray mi-














Fig. 10. Degree of non-circularity ∆C (in %) of the iron-rich phases in the suite 
of natural objects shown in Fig. 9: Forest Vale H4, Misshof H5, Estacado H6, 
Acapulco and Lodran, and chondrules of Yamato 81020, respectively in black, 
dark gray, light gray, red and green. These distributions indicate that the degree 
of non-circularity decreases with increasing peak temperature. However, sec-
tions of Acapulco and Lodran (∆C ≈ 35%) have intermediate textures between 
H4 (∆C ≈ 50%) and H5 (∆C ≈ 20%) chondrites, while based on their peak 
temperature, they would have been expected to have textures intermediate 
between H6 (∆C ≈ 10%) chondrites and chondrules (∆C ≈ 2–3%). This 
anomalous feature indicates that the extraction of a silicate melt and sub-
sequent compaction of the parent body forced the textures of iron-rich phases to 
be irregular. Once silicate grains grow up to a few hundred microns, as in 
primitive achondrites, the extraction of the silicate melt freezes grain sizes and 
the irregular textures, as growth processes are drastically hindered. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.) 
from the organization expected for equilibrium. The degree of
textural maturation depends on the relative contents of the different 
phases. The most equilibrated textures are produced in samples 
bearing large contents of silicate melt and a low nickel fraction.  
(2) The connectivity of the metal in experimental charges may result
from cold compression even when the metal content is lower than
its interconnection threshold. Time-resolved in-situ 3D X-Ray mi-
crotomography indicates that nickel gets squeezed between silicate
grains and forms a network before melting begins. However, once
this metallic network and a fraction of silicates are molten, the
forced network of metal grains is disrupted into smaller units,
which eventually become spheres as a result of the minimization of
interfacial energies.
(3) The disruption of the forced network generated during compression
occurs on a timescale of a few hours and can be explained by grain
growth of the solid silicate matrix, as already suggested by Walte
et al. (2007) and Bagdassarov et al. (2009). The interconnection
threshold can thus be defined as the phase fraction at which a
network of touching grains exists, adding that this network must
persist in time in the absence of external forces and at pressure- 
temperature conditions that permit grain-boundary movement (i.e.
excluding kinetically arrested systems). Using this definition, the
interconnection threshold of pure nickel in a partially molten sili-
cate matrix lies between 20 and 25 vol%. Interconnection threshold
values for Fe-FeS eutectic compositions proposed in the literature
are reviewed and it is concluded that many of them are likely to be
underestimated.
(4) Natural objects display iron and troilite grains that range in shape from 
almost spherical to highly irregular. In chondrules, metal grains are 
largely spherical because they were once molten in the presence of 
significant amounts of silicate melt. Hence, these objects experienced 
efficient textural maturation, allowing the iron and troilite pools to 
form spheres rapidly. On the contrary, irregular metallic grains char-
acterize primitive achondrites. This can be explained by the extraction 
of a silicate melt and compaction of the silicate matrix, leading to iron 
and troilite beads being constrained to occupy the available place be-
tween silicate crystals. Once the liquid has been extracted, grain 
boundary migration is hindered and subsequent textural maturation 
occurs on timescales longer than the peak temperature lifetime of these 
objects, freezing irregular textures. 
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